Introduction {#S1}
============

Local protein synthesis modifies the composition and functional properties of dendritic segments and associated synapses ([@R7]; [@R34]). mRNAs encoding neurotransmitter receptors and voltage-gated channels are among the cohort of dendritic mRNAs ([@R1]), supporting the notion that key mediators of dendritic excitability and neurotransmission are synthesized locally in dendrites. For cytoplasmic proteins, local synthesis requires only mRNA, ribosomes, and soluble cofactors, and hence can occur as a point source of new polypeptides at the site of translation. In contrast, integral membrane proteins and secreted proteins require all of the machinery of the secretory pathway. Specifically, after synthesis in the endoplasmic reticulum (ER), membrane proteins progress through the ER-Golgi intermediate compartment (ERGIC), the Golgi apparatus (GA), and the *trans*-Golgi network (TGN), where they are modified before delivery to the plasma membrane. Although virtually all of the machinery for protein synthesis, ER import and export, and Golgi membranes have been detected in dendrites ([@R10]), the route followed by nascent cargo after ER exit and the mechanisms that spatially direct post-ER transport in dendrites remain central unresolved issues in neuronal cell biology. Recent studies have shown that nascent cargo can be confined in microdomains of the dendritic ER specialized for ER export ([@R4]). Following ER exit, membrane cargo can be either transported over long distances in dendrites or trafficked locally ([@R14]). This choice is an essential determinant of cargo fate, yet there is little understanding of how post-ER transport is regulated to control secretory cargo destination.

Along with the machinery that controls membrane fission, docking, and fusion, molecular motors orchestrate cargo exchange between cellular compartments and are key effectors of membrane trafficking ([@R13]; [@R21]; [@R33]). Motor-based transport is particularly important in neuronal axons and dendrites, whose development, maintenance, and plasticity require the transport of mRNAs, membrane proteins, and organelles up to hundreds of microns to meters from the soma. During intracellular transport, neurotransmitter receptors and ion channels associate with protein complexes that physically interact with specific molecular motors ([@R13]), allowing tailored regulation of cytoskeleton-based transport. Several mechanisms that control motor-cargo interactions have been described. For example, local Ca^2+^-dependent mechanisms regulate the association of myosin Vb with Rab11-FIP2 adaptor complexes on AMPA receptor-containing recycling endosomes ([@R39]), allowing local regulation of actin-based transport in dendritic spines. On the other hand, microtubule-based transport in dendrites is governed by dynein and kinesin motors whose action is important for synaptic function ([@R7]; [@R13]). Among the various kinesins, KIF5 and KIF17 are particularly important for long-range trafficking in neuronal processes. In contrast to KIF5, which is involved in the transport of a large cast of axonal and dendritic proteins ([@R13]), far fewer cargos have been identified for KIF17. Those identified include kainate receptors ([@R20]), NMDA receptors ([@R31]), and the K^+^ channel K~v~4.2 ([@R2]), suggesting that KIF17 transports a more restricted set of dendritic proteins that may be segregated early in the secretory pathway. The interaction between KIF17 and NMDA receptors occurs through the GluN2B subunit in an indirect manner via a PDZ protein complex consisting of CASK/mLin2 and Mint1/mLin10 ([@R31]). Interestingly, CASK associates with NMDA receptors early in the secretory pathway ([@R17]; [@R43]), suggesting that KIF17 may direct post-ER transport of receptors. Moreover, the association between KIF17 and Mint1 is itself regulated by CaMKII-dependent phosphorylation ([@R9]). Phosphorylation-dependent uncoupling of KIF17 from Mint1 allows kinesin-cargo release ([@R9]), suggesting a molecular basis for controlling cargo transport and delivery. Despite their well-documented role in regulating synapse function ([@R41]; [@R42], [@R43]), it is unclear where along the secretory pathway kinesins direct cargo transport, whether such transport determines local versus long-range trafficking in dendrites, and how the length scale of new cargo delivery is regulated by local synaptic signaling.

Here, we demonstrate that synaptic activity restricts cargo transport between post-ER compartments distributed throughout dendrites. Using a combination of live-cell imaging and fluorescent reporters of transport through the secretory pathway, we show that tubulovesicular carriers emerge from ER exit sites in dendrites in close association with ERGIC and Golgi outposts (GOs). In the absence of synaptic activity, post-ER carriers undergo long-range transport that explores dendritic lengths over tens of microns. In contrast, elevated synaptic activity spatially confines post-ER trafficking and accelerates the accumulation of new secretory cargo at the plasma membrane. In turn, this activity-dependent confinement requires Ca^2+^/calmodulin-dependent protein kinase (CaMK) activity and phosphorylation of KIF17 at a specific CaMK type II (CaMKII) site. Together, our results indicate that postsynaptic activity confines and spatially focuses early secretory trafficking by KIF17 phosphorylation, revealing a mechanism for tuning the length scales of new cargo delivery to the dendritic membrane. Activity-dependent control of microtubule-based transport may provide a general paradigm for directing new membrane macromolecules to maintain and modify neuronal function.

Results {#S2}
=======

Nascent Secretory Cargo Is Processed through ERGIC Clusters throughout Neuronal Dendrites {#S3}
-----------------------------------------------------------------------------------------

To monitor secretory trafficking in hippocampal neurons, we imaged the ts045 temperature-sensitive mutant of the vesicular stomatitis virus glycoprotein (VSVG-ts045, hereafter referred to as VSVG), a well-studied secretory cargo ([@R27]; [@R37]). After synthesis and accumulation in the ER at 40°C, a temperature at which VSVG is unable to exit the ER, GFP-tagged VSVG (VSVG-GFP) or mCherry-tagged VSVG (VSVG-mCh) was released and accumulated in post-ER compartments by switching the temperature to 20°C ([@R8]; [@R25]; [Figure 1A](#F1){ref-type="fig"}). After 3 hr at 20°C, a time period sufficient for complete export from the ER ([@R14]; [@R15]), we assessed VSVG dynamics at physiological temperature. After it was released from the ER, VSVG accumulated in discrete structures distributed throughout dendrites, especially at branch points, which remained at the same position for seconds to minutes ([Figure 1B](#F1){ref-type="fig"}). In addition, post-ER cargo was present in smaller tubulovesicular carriers that were much more dynamic and moved in both retrograde and anterograde directions ([Figure 1B](#F1){ref-type="fig"}; [Movie S1](#SD1){ref-type="supplementary-material"}). In many instances, tubulovesicular carriers merged with and formed from these stationary post-ER compartments ([Figure 1B](#F1){ref-type="fig"}; [Movies S1 and S2](#SD1){ref-type="supplementary-material"}), indicating that they represent sites of cargo exchange. Importantly, Golgi-Snare 27-mCherry (GS27-mCh), an mCherry-tagged version of a naturally occurring protein of the secretory pathway ([@R23]), displayed dynamics very similar to that of VSVG ([Movie S3](#SD1){ref-type="supplementary-material"}).

In contrast to GOs, which are present in only a subset of dendrites ([@R6]; [@R15]), the observed stationary post-ER organelles are present in all dendrites ([Figures 1B, 1D](#F1){ref-type="fig"}, [2E](#F2){ref-type="fig"}, and [4B](#F4){ref-type="fig"}). These structures are smaller than GOs but are morphologically similar to the ERGIC as visualized by ERGIC53 and Rab1B immunolabeling ([Figure 1C](#F1){ref-type="fig"}). Indeed, after a 40°C to 20°C shift, VSVG-mCh showed extensive colocalization with the ERGIC marker GFP-ERGIC53 ([Figure 1D](#F1){ref-type="fig"}). Thus, nascent secretory cargo accumulates in and is transported between clustered ERGICs distributed throughout dendrites. This indicates that, unlike GOs that are largely restricted to primary and proximal dendrites, a distributed collection of ERGICs traffic newly synthesized membrane proteins throughout the dendritic arbor.

Synaptic Activity Spatially Restricts Post-ER Trafficking in Dendrites {#S4}
----------------------------------------------------------------------

Although normally the method of choice, single-particle tracking (SPT) is not well suited to characterize the motion of post-ER carriers due to their irregular shapes and their frequent fusion and fission. We thus developed an alternative method. In brief, we used a two-frame running-subtraction approach, in which the subtracted signal corresponds to moving structures ([@R11]; [@R37]), to derive a mobility index that captures the global dynamics of tubulovesicular structures (see [Experimental Procedures](#S7){ref-type="sec"} for details). To validate this approach, we first analyzed the movement of latex beads diffusing in media of increasing viscosities, using both our running-subtraction method and SPT ([Figure S1A](#SD1){ref-type="supplementary-material"}). In this analysis, the bead mobility index was compared with the bead velocity determined by SPT. As predicted by the Stokes-Einstein relation, the bead mobility index decreased exponentially with increasing viscosity ([Figure S1B](#SD1){ref-type="supplementary-material"}). We found an excellent correlation between the average bead velocity derived from SPT and our global mobility index ([Figure S1C](#SD1){ref-type="supplementary-material"}), confirming that this two-frame running-subtraction method accurately and quantitatively assesses particle motion.

To determine the effect of neuronal activity on membrane cargo exchange between secretory outposts, we compared the dynamics of post-ER secretory carriers upon pharmacological manipulation of synaptic transmission. We increased synaptic activity by incubating neurons in 4-aminopyridine (4AP, 50 µM), a voltage-gated K^+^ channel blocker to increase neuronal firing, and bicuculline (bic, 20 µM) to concomitantly reduce inhibitory transmission in these mixed cultures. Conversely, we decreased excitatory synaptic activity by blocking AMPA- and NMDA-type glutamate receptors with CNQX (50 µM) and AP5 (50 µM), respectively. Post-ER trafficking in dendrites was monitored in young (12--13 days in vitro \[DIV\]) and older neurons (18--20 DIV), which were sequentially recorded under basal conditions, 15--25 min after the addition of 4AP/bic, and then again 15--25 min after the addition of CNQX/AP5. In both young and older neurons, increasing synaptic activity decreased the mobility of post-ER vesicular trafficking over a period of minutes ([Figures 2A and 2B](#F2){ref-type="fig"}). Conversely, blocking excitatory transmission increased the mobility and spatial range of post-ER trafficking ([Figures 2A and 2B](#F2){ref-type="fig"}). Whereas 4AP/bic had a stronger effect in young neurons, CNQX/AP5 had a strong effect in both young and older cells ([Figure 2B](#F2){ref-type="fig"}), likely indicating a developmental reduction of post-ER trafficking commensurate with the proliferation of synapses and the acquisition of network activity ([@R16]; [@R38]). In 18--20 DIV neurons, activity blockade increased vesicular dynamics ([Figure 2C](#F2){ref-type="fig"}), consistent with a tonic-activity-dependent inhibition of early secretory trafficking. In addition, we compared post-ER trafficking in distinct neurons monitored under basal conditions, in the presence of 4AP/bic, or in the presence of 4AP/bic/CNQX/AP5 ([Figure 2D](#F2){ref-type="fig"}). This population analysis confirmed the results seen after sequential treatment of individual cells (compare [Figures 2B and 2D](#F2){ref-type="fig"}).

In further experiments, we monitored the effect of glutamate receptor blockers after a 30 min exposure to 10 µM glutamate plus 5 µM glycine, a treatment that almost completely arrests post-ER carrier movement ([Figure 2E](#F2){ref-type="fig"}). We found that CNQX plus AP5 restored post-ER trafficking over a period of minutes as indicated by the appearance of dynamic tubulovesicular intermediates shuttling between stable secretory organelles ([Figure 2E](#F2){ref-type="fig"}; [Movie S4](#SD1){ref-type="supplementary-material"}). Thus, spatial arrest of post-ER transport trafficking is quickly reinstated in the absence of activity. To test whether the activity-induced reduction of lateral vesicular trafficking reflects a global impairment of secretory trafficking, we monitored the accumulation of post-Golgi cargo at the plasma membrane under similar conditions using VSVG-GFP. Immunolabeling of surface VSVG at 0, 60, and 120 min after switching from 40°C to the fully permissive 32°C showed that synaptic activity actually accelerates cargo accumulation at the cell surface ([Figure 2F](#F2){ref-type="fig"}). Thus, reduced mobility of post-ER transport under high activity conditions is not associated with a blockade of cargo delivery to the dendritic plasma membrane. We conclude that neuronal activity induces a spatially confined, direct, and more rapid delivery of new secretory cargo to the dendritic membrane.

To examine the temporal relationship between neuronal activity and post-ER carrier dynamics, we performed dual imaging of secretory trafficking and Ca^2+^ signaling in neurons coexpressing VSVG-tdTomato (VSVG-tdT) and GCaMP3. Neuronal activity in the form of presumptive action potential bursts was revealed by transient increases in GCaMP fluorescence ([@R36]). Such transient bouts occurred spontaneously ([Figure 3A](#F3){ref-type="fig"}) and could be elicited by field stimulation ([Figure 3B](#F3){ref-type="fig"}). In response to both spontaneous and evoked Ca^2+^ transients, secretory carriers frequently stopped, initiated movement, or changed direction during or immediately after individual Ca^2+^ bursts ([Figures 3A and 3B](#F3){ref-type="fig"}). This tight temporal relationship between Ca^2+^ transients and post-ER carrier mobility provides strong evidence that neuronal activity controls microtubule-dependent transport on a short timescale.

Activity Limits Long-Range Secretory Transport by Phosphorylation of KIF17 {#S5}
--------------------------------------------------------------------------

The transport of vesicular cargo depends on selective association with microtubule-based motors ([@R13]; [@R29]) whose activity and cargo association are regulated by diverse cellular signals ([@R9]; [@R13]; [@R18]; [@R24]; [@R26]). Among microtubule motors, KIF17 regulates the trafficking of select dendritic cargo, and phosphorylation of KIF17 by CaMKII on serine 1029 abrogates binding to the NMDA receptor/CASK/Mint1 complex ([@R9]). We thus hypothesized that neuronal activity might exert a general effect on microtubule-based post-ER transport by phosphorylation of KIF17 through a Ca^2+^ and CaMKII pathway. To test this hypothesis, we compared the dynamics of VSVG-mCh in neurons coexpressing wild-type YFP-tagged KIF17 (KIF17-WT) or a KIF17 S1029A mutant that cannot be phosphorylated by CaMKII (KIF17-S1029A; [Figure 4A](#F4){ref-type="fig"}). Whereas increased neuronal activity (4AP/bic) reduced post-ER trafficking in neurons expressing KIF17-WT, expression of KIF17-S1029A blocked the activity-induced confinement of post-ER trafficking ([Figures 4B and 4C](#F4){ref-type="fig"}; [Movie S5](#SD1){ref-type="supplementary-material"}). Consistent with a requirement for CaMK activity, the CaMK inhibitor KN93 (10 µM) prevented the reduction of post-ER carrier mobility triggered by 4AP/bic ([Figure 4C](#F4){ref-type="fig"}). This result was confirmed by a phenotypic analysis in which blind observers assessed whether tubulovesicular dynamics were reduced after elevation of synaptic activity ([Figures 4D, 4E](#F4){ref-type="fig"}, and [S3](#SD1){ref-type="supplementary-material"}). To test for potential CaMK-independent effects of KN93, we used a similar assay to compare KN93 (3.3 µM) with its inactive analog, KN92 (3.3 µM). These experiments were performed in neurons expressing VSVGt-mCh that were imaged directly after release of the ER-exit blockade (no Golgi block; see [Experimental Procedures](#S7){ref-type="sec"}) or after blockade and release of Golgi exit (with Golgi block), and in neurons expressing GS27-mCh. KN92 partially prevented the activity-dependent reduction of secretory trafficking, likely due to the inhibitory effect of KN92 and KN93 on L-type voltage-gated Ca^2+^channels ([@R5]). Notably, although KN93 had only a mild effect on post-ER VSVG imaged without a Golgi block (i.e., at early stages of secretory trafficking), it strongly reduced the response of both VSVG after blockade and release of Golgi exit (as in [Figure 4B](#F4){ref-type="fig"}) and GS27 ([Figures 4D, 4E](#F4){ref-type="fig"}, and [S2](#SD1){ref-type="supplementary-material"}), revealing a selective effect on carriers at later stages of secretory trafficking. Taken together, these results indicate that activity-dependent signaling through a CaMK/KIF17 pathway restricts ERGIC secretory dynamics in dendrites.

Discussion {#S6}
==========

In the present study, we found that following ER export, nascent secretory cargo accumulates in and traffics through ERGICs distributed throughout neuronal dendrites. During development and upon acute increases in synaptic activity, microtubule-based transport and cargo exchange between these secretory outposts are spatially restricted without preventing cargo exocytosis. This activity-induced spatial confinement of secretory cargo is occluded by site-specific mutations of the kinesin motor KIF17 that prevent phosphorylation by CaMKII. These results define a mechanism for compartmentalized trafficking in dendrites and indicate that synaptic activity can control cargo itinerary through the early secretory pathway.

KIF17 is a direct target for phosphorylation by CaMKII at serine 1029, and this phosphorylation releases KIF17 bound cargo such as GluN2B-containing NMDA receptors ([@R9]). Here, we have shown that activity-dependent disruption of KIF17-cargo interactions prevents long-range transport of post-ER secretory cargo. This is notable because nearly all functions described to date for KIF17 have been attributed to later-stage trafficking of select post-Golgi cargo ([@R43]), and suggests that tight regulation of kinesin-cargo interactions occurs early in the secretory pathway to define the spatial span of cargo delivery. Interestingly, synaptic activity has opposite effects on kinesins and unconventional class V myosins, and either disrupts ([@R9]; [@R24]) or favors ([@R3]; [@R39]) interaction with cognate cargo, respectively. This supports the general notion that neuronal activity promotes highly local cargo transport by both uncoupling cargo from long-range microtubule motors and promoting association with membrane-proximal, unconventional myosins. Reminiscent of melanophores in which microtubule and actin-based motors are coregulated within multifunctional protein complexes ([@R19]), this model suggests that synaptic activity favors cargo unbinding from microtubules and transfer to F-actin for local delivery to exocytic sites at the dendritic plasma membrane.

We previously showed that membrane protein lateral mobility in the ER is regulated by specific synaptic receptors ([@R4]).Whereas group I metabotropic glutamate receptors decrease the spatial range of cargo mobility within the ER proper, ionotropic glutamate receptors have a strong impact on post-ER vesicular trafficking ([Figure 3](#F3){ref-type="fig"}) but little effect on cargo dynamics in the ER ([@R4]). Thus, distinct glutamatergic synaptic signaling pathways control specific aspects of membrane cargo synthesis and secretory trafficking in dendrites, each contributing to local membrane protein processing.

In PC12 cells, Rab1-containing ERGICs and ER exit sites, but not Golgi membranes, are selectively distributed to the neurites and growth cones of polarized cells ([@R28]), indicating that satellite secretory systems devoid of classical Golgi membranes are formed during neuritogenesis. Our results show that the long-range transport of post-ER cargo becomes progressively limited during neuronal maturation, consistent with the emergence of increasing synaptic activity ([Figures 2A--2C](#F2){ref-type="fig"}). These findings raise the possibility that ion channels and secreted proteins produced in segments of dendrites devoid of Golgi membranes may bypass this compartment ([@R17]) and use a direct ER-ERGIC-plasma membrane pathway. Given the known impact of Golgi-associated glycosylation on ion channel distribution ([@R32]), stability ([@R40]), and biophysical properties ([@R30]), it is possible that by bypassing the Golgi, dendritically synthesized neurotransmitter receptors and voltage-gated ion channels may develop more diverse properties, which in turn would impact dendritic excitability.

Local synthesis of secreted factors and membrane proteins contributes to synapse plasticity, and many mRNAs for secreted proteins are themselves transported by kinesin motors ([@R12]; [@R22]). Our results implicate KIF17 phosphorylation in local secretory trafficking associated with newly synthesized cargo. The confinement of secretory trafficking reported here may help explain how local synaptic signals direct newly made receptors and secreted proteins to specific dendritic domains. More broadly, such a mechanism may provide a general paradigm for directed cargo delivery in geometrically complex cells.

Experimental Procedures {#S7}
=======================

Cell Culture and Transfection {#S8}
-----------------------------

Neuronal cultures were prepared and transfected as previously described ([@R4]; [@R34]). Experiments were performed 12--24 hr post transfection in neurons displaying moderate levels of exogenous protein expression. All animal procedures were performed under protocols compliant and approved by the Institutional Animal Care and Use Committees of Duke University, the Max Planck Society, the University of Bordeaux, and Pfizer.

Imaging and Drug Treatments {#S9}
---------------------------

Live-cell imaging was performed at 20°C or 37°C with an inverted spinning-disk confocal microscope. Activity-dependent secretory trafficking was assessed in E4 medium supplemented with 4 mM CaCl~2~ and 0--0.5 mM MgCl~2~ for a maximum duration of 90 min.

Antibodies and Immunocytochemistry {#S10}
----------------------------------

Unless otherwise specified, immunocytochemistry was performed as described previously ([@R4]; [@R14]). For Rab1b immunostaining, cells were permeabilized with 0.2% saponin before fixation.

Two-Frame Running Subtraction {#S11}
-----------------------------

Tubulovesicular structures were isolated by wavelet decomposition ([@R35]). Segmented images were binarized and used for two-frame running subtraction ([@R11]; [@R37]). A mobility index was calculated by normalizing subtractive surfaces (i.e., the pixels that correspond to objects movements) by average pixel numbers in the source time-lapse sequences (i.e., the total area of the considered objects).

Categorization of Dendritic Kymographs {#S12}
--------------------------------------

Pairs of kymographs (control versus 4AP/bic) were sorted as affected (reduced dynamics, or "yes"), unaffected (no reduction, or "no"), or not suitable for such a determination (nondetermined) by five "blind" observers.

Statistics {#S13}
----------

Data are presented as means ± SEM unless otherwise indicated.

Supplemental Information {#SM}
========================

Supplemental Information includes Supplemental Experimental Procedures, three figures, and five movies and can be found with this article online at <http://dx.doi.org/10.1016/j.celrep.2014.05.028>.
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![ERGICs Are the Primary Secretory Organelles in Dendrites\
(A) Monitoring dendritic secretory trafficking with VSVG-GFP. VSVG-GFP is expressed overnight at 40°C and accumulates in the ER. The temperature is then shifted to 20°C for 3 hr to permit ER exit but prevent post-Golgi trafficking, allowing VSVG to accumulate in post-ER secretory compartments. Post-ER trafficking is then imaged after release from the Golgi by shifting to 37°C. ERGIC, ER-Golgi intermediate compartment; GO, Golgi outpost; TVC, tubulovesicular carrier.\
(B) Segregation of early secretory trafficking into stationary compartments and mobile carriers. Top: image of a segment of dendrite (outlined) showing cargo accumulated in post-ER secretory compartments (arrows). Bottom: kymograph (pseudocolored) of VSVG-GFP in the dendrite segment after a switch to 37°C to release the Golgi-exit blockade, showing VSVG trafficking through mobile tubulovesicular carriers (arrows) and stationary post-ER compartments (arrowheads). Scale bar, 5 µm.\
(C) Immunolabeling for the *cis*-Golgi matrix protein GM130 (1--6) as a marker of Golgi membranes, ERGIC53 (1--5) and Rab1B (6) as markers of ERGICs, and MAP2 (1 and 5) in segments of dendrites containing (2 and 5) or lacking (3, 4, 6) GOs. Although only a subset of dendrites contain GOs (arrows), all dendrites contain ERGICs (arrowheads). Scale bar, 25 or 5 µm.\
(D) VSVG-mCh (red) accumulation in dendritic ERGICs marked with ERGIC53-GFP (green) 42 min after a 40°C to 20°C shift. Scale bar, 5 µm.](emss-68497-f001){#F1}

![Synaptic Activity Controls Post-ER Secretory Trafficking in Dendrites\
(A) Subtractive sequences (projected pseudocolor images) of post-ER dynamics of VSVG-GFP in dendrites recorded under basal conditions 15--25 min after the addition of 50 µM 4-aminopyridine (4AP) plus 20 µM bicuculline (bic), and then again 15--25 min after the addition of 50 µM CNQX plus 50 µM AP5. Scale bar, 5 µm.\
(B) Quantification of the mobility index as defined in [Figure S1](#SD1){ref-type="supplementary-material"} in young (12--13 DIV) and older (18--20 DIV) hippocampal neurons. n = 16 cells in 2--3 experiments for each group.\
(C) Mobility index in individual dendrites of older hippocampal neurons (18--20 DIV) recorded under basal conditions and then 15--25 min after the addition of CNQX/AP5. n = 17 cells in two experiments.\
(D) Mobility index in populations of distinct neurons recorded under basal conditions in the presence of 4AP/bic or in the presence of 4AP/bic along with CNQX/AP5. n = 12--14 cells in two experiments.\
(E) Shown is a dendrite (image and kymographs) recorded after a 30 min incubation with 10 µM glutamate (glu) plus 5 µM glycine (gly) and then 12 min after the addition of CNQX + AP5. Note the reappearance of mobile tubulovesicular carriers (arrows) shuttling between stationary post-ER compartments upon activity blockade (arrowheads). Scale bar, 5 µm.\
(F and G) Images (F) and normalized levels (G) of surface VSVG-GFP (red) at 0, 60, and 120 min after release of ER-exit blockade (40°C to 32°C shift) in the presence of 4AP/bic or CNQX/AP5. Note the increased appearance of surface VSVG in the presence of 4AP/bic. n = 14--25 neurons per condition, 2 experiments. Scale bar, 25 or 5 µm.\
\*p \< 0.05, \*\*p \< 0.01 ANOVA (B, D, and G) and t test (C). Data shown in (B)--(D) and (G) are means ± SEM. See also [Figure S1](#SD1){ref-type="supplementary-material"}.](emss-68497-f002){#F2}

![Acute Response of Dendritic Secretory Carriers to Neuronal Activity\
(A and B) Kymographs of dendrites expressing VSVG-tdTomato (VSVG-tdT, red) and the Ca^2+^ indicator GCaMP3 (green) during spontaneous neuronal activity (A) or electrical stimulation (B). The right panel in (A) shows reconstructed traces of secretory carrier movements and Ca^2+^ bursts. Ca^2+^ bursts are indicated by transient dendrite-wide green fluorescence, which in kymographs appears as horizontal lines marked by arrowheads in the left panel in (A). Note the abrupt changes in the dynamics of individual secretory carriers (arrows) during Ca^2+^ bursts. In (B), field stimulation was delivered at 0.1 Hz. Evoked Ca^2+^ responses indicated by horizontal green lines occurred with high fidelity in response to field stimulation and were frequently accompanied by starts, stops, and reversals of individual secretory carriers. Scale bar, 5 µm.](emss-68497-f003){#F3}

![Phosphorylation of KIF17 Mediates Activity-Induced Spatial Confinement of Dendritic Secretory Cargo\
(A) Schematic of the effect of synaptic activity on KIF17-dependent transport. Activity-dependent CaMKII phosphorylation of serine 1029 disrupts KIF17 interaction with its cognate cargo and releases cargo-containing vesicles, impairing long-range transport along microtubules. MT, microtubule.\
(B) Images (pseudocolor) and kymographs of post-ER VSVG-mCh carriers in neurons expressing KIF17-WT or KIF17-S1029A, before (ctr) or after addition of 4AP plus bicuculline (4AP/bic). Scale bar, 5 µm.\
(C) VSVG mobility index in 11---14 DIV neurons expressing YFP-KIF17-WT or YFP-KIF17-S1029A after addition of 4AP/bic in the absence or presence of the CaMK inhibitor KN93 (10 µM). Shown are means ± SEM normalized to control values of untreated neurons. n = 8--15 cells in 1 (KN93), 5 (KIF17-WT), and 4 (KIF17-S1029A) experiments. \*\*p \< 0.01; t test.\
(D) Ca^2+^/CaMK activity regulates the mobility of Golgi vesicles visualized by GS27-mCh. Kymographs show GS27-mCh movement in neurons before (ctr) or after addition of 4AP/bic in the absence (upper panels) or presence of KN93 (lower panels).\
(E) Effect of KN92 and KN93 on the activity-dependent dynamics of VSVG-mCh and GS27-mCh. VSVG-mCh was imaged either directly after release of an ER-exit blockade (no Golgi block) or after blockade and release of Golgi exit(with Golgi block). Shown are percentages of neurons with reduced tubulovesicular dynamics following 4AP/bic (mean ± SEM, n = 4--5 observers; see [Experimental Procedures](#S7){ref-type="sec"}) and statistical trends determined from corresponding cell counts (see also [Figure S3](#SD1){ref-type="supplementary-material"}). KN92 partially blocked the effect of neuronal activity on secretory dynamics. In contrast, KN93 had a mild effect on post-ER VSVG imaged without a Golgi block, but strongly reduced the mobility of both VSVG imaged after release of a Golgi block and GS27. n = 7--27 cells in 2--8 independent experiments. \*p \< 0.05; \*\*p \< 0.01; chi-square test for trends (statistical trends) or ANOVA and Dunn's multiple comparison test (bar graph). See also [Figures S2](#SD1){ref-type="supplementary-material"} and [S3](#SD1){ref-type="supplementary-material"}.](emss-68497-f004){#F4}
